In four-wheeled vehicles, electronic stability control (ESC) was introduced in the recent past to improve passengers' safety in critical driving conditions and it is now part of most commercial cars. For two-wheeled vehicles, the design of such a control system is an open problem, and it constitutes quite a challenging task due to the complexity of two-wheeled vehicles dynamics and to the strong interaction between the vehicle and the driver. This paper describes an innovative control architecture which allows us to enhance the active safety while guaranteeing a good driving feeling. The proposed solutions are validated on a multibody motorcycle simulator on challenging maneuvers such as kick-back and strong braking while cornering at high speed.
INTRODUCTION
Nowadays, electronic stability control (ESC) improves passengers' safety and it is common in most commercial cars. Several solutions to electronic stability control in four-wheeled vehicles have been proposed in the literature, see e.g., Ackermann and Sienel (1993) ; Canale et al. (2009) . In general, the chassis stability controllers actively modify the vehicle dynamics by generating suitable yaw moments.
The development of electronic systems for two-wheeled vehicles has started with considerable delay with respect to their four-wheeled counterparts. As the market of two-wheeled vehicles is smaller than the four-wheeled one, the amount of investments on R&D is limited. Moreover, many riders are known to reluctantly approach electronic systems. Finally, and most interesting from an engineering point of view, dealing with motorcycle dynamics is more complex than it is for fourwheeled vehicles (see e.g., Limebeer et al. (2001) ).
In the scientific literature some preliminary results have been obtained to address the active control of two-wheeled vehicles. In Tanelli et al. (2009) the traction control of motorcycles is addressed. The problem of designing ABS system which can handle braking on curves is addressed in Tanelli et al. (2010) , while in a model-based LPV controller to regulate the wheel slip has been proposed. Moreover, in De Filippi et al. (2010b) it has been shown that a semi-active steering damper can improve the maneuverability of two-wheeled vehicles, by damping the weave and wobble modes.
The stability control of motorcycles is a challenging and complex problem. In fact, the experience on four-wheeled vehicles is not directly reusable. The coupling between in-plane and outof-plane modes makes it nearly impossible to directly employ yaw or vehicle sideslip control, which are solutions used in ESC systems for four-wheeled vehicles. In De Filippi et al. (2010a) , a preliminary study on this subject was proposed, investigating which are the possible and the most suitable controlled variables to be considered. Moreover, a preliminary control This work has been partially supported by MIUR project "'New Methods for Identification and Adaptive Control for Industrial Systems"'. architecture for stability control was provided. Such a control system, however, while yielding promising results from the stability point of view, did not ensure compliance with the rider's intention in terms of longitudinal acceleration. This paper proposes two stability control systems for motorcycles which take into account the rider's acceleration and braking commands. It is assumed that the motorcycle is equipped with ride-by-wire functionalities, i.e., a controlled electronic throttle and an electronically-actuated braking system which independently acts on the front and rear brakes, see Corno et al. (2011); Dardanelli et al. (2010) . Furthermore, the actuator dynamics is explicitly considered in the controller design.
The paper is organized as follows: in Section 2, a frequency response description of the vehicle dynamics of interest is derived via Bikesim R , a multibody motorcycle simulator. In Section 3, two different architectures for stability control are proposed. Section 4 discusses several simulation tests that evaluate the controllers effectiveness in different riding scenarios. The paper ends with some concluding remarks and an outlook on future research.
CONTROL-ORIENTED MIMO IDENTIFICATION OF MOTORCYCLE DYNAMICS
The preliminary step to be performed in order to design the stability controller is that of investigating the dynamical behavior of the vehicle. In this work, we consider as inputs the traction and braking torque at the rear wheel and the braking torque at the front wheel: today, drive-by-wire and electronically actuated front and rear brakes are becoming a reality on commercial motorbikes.
In De Filippi et al. (2010a) a discussion of possible control and controlled variables is presented; the analysis indicates that the most direct way to restore vehicle stability is acting on the wheel torques to generate rotational torques around the bike roll axis. In the present work, the longitudinal acceleration is also considered as second output, as its regulation is needed in order to overcome the limits of the preliminary stability controller, that is the lack of compliance with the driver acceleration and braking commands.
Developing first-principle models of two-wheeled vehicles is a difficult task, especially when they must retain sufficient simplicity to be employed for control systems design. Thus we decided to rely on a black-box approach. The control oriented model is obtained by identifying the dynamics as modeled by Bikesim R , an experimentally validated multibody simulator. The system is a MIMO system, whose identification is more easily addressed with sub-space techniques. Further, to concentrate on the bike dynamics, the identification tests have been carried out in open-loop, i.e. without any intervention of the driver. To this end, the steering torque needed to perform the desired maneuver has been logged in a preliminary phase and provided to the simulator in open-loop during the identification tests. Note also that the actuator dynamics is explicitly considered in the identification phase, as the tests are carried out with a braking system model which is a low-pass filter with a bandwidth of 10 Hz.
For the identification tests, steady-state cornering conditions have been simulated, with speed v = 130 km/h and roll angle ϕ = 30
• ; a frequency sweep torque disturbance ranging from 0 to 20 Hz is applied to the front and rear wheels. In the case of the front wheel, the sweep is applied around a constant negative torque of -5 Nm, while for the rear wheel it is applied around zero (recall that the rear wheel torque can be either positive or negative). Based on the measurement of the inputs and outputs (i.e., roll rate and longitudinal acceleration), a discrete Multi-Input-Multi-Output linear time-invariant model has been identified using subspace methods. The model effectiveness has been validated using as input pseudo-random binary signals for both the front and rear wheel torques. The time histories of the measured and estimated output variables are depicted in Figure  1 . The results obtained with the multibody simulator and those given by the identified model confirm the model suitability for control purposes also in a validation setting. and identified (dashed line) roll rate (top) and longitudinal acceleration (bottom) in response to pseudo-random binary input signals.
In Figure 2 , the magnitude and phase Bode diagram of the frequency responses are depicted. By inspecting this figure the following remarks can be made.
-The front wheel torque has a greater authority on the roll rate than the rear wheel one. -The front and rear wheel torque have a similar influence on the longitudinal acceleration. -The principal modes of vibration of the motorcycle are clearly visible. The values of the natural frequency and damping of these modes are shown in Table 1 . 
DESIGN OF THE ELECTRONIC STABILITY CONTROLLER
In two-wheeled vehicles, even before assuring that the motorcycle can follow a desired trajectory, it is important to prevent falls. Thus, the most natural controlled variable is the roll rate: if the motorcycle roll rate can be minimized in the face of external disturbances, the overall stability of the vehicle is improved. However, it is necessary that the stability controller also regulates the longitudinal acceleration of the vehicle in order to comply with the driver's intentions.
Once the control and controlled variables have been defined, the control architecture and the design of the control algorithm itself must be addressed. In the following, two different control architectures will be devised: a MIMO controller and a SingleInput-Multi-Output one with time-varying saturations.
MIMO controller design
The MIMO loop shaping procedure enables the specifications of closed-loop objectives in terms of requirements on the singular values of the loop transfer function, see e.g., Skogestad and Postlethwaite (2007) ).
According to the considerations given in Section 2, the front wheel torque has been employed to control the roll rate only, while the rear wheel torque controls both the roll rate and the longitudinal acceleration. Thus, the control system first acts so as to recover stability and then complies with the driver's acceleration/braking request. To select the value of the closed-loop bandwidth the Relative Gain Array (RGA) has been computed and the crossover frequency has been selected as that where the RGA is close to the identity matrix. The design yields a 6th order controller with a bandwidth of 1.5 Hz.
The architecture of the MIMO stability controller is depicted in Figure 3 . As can be seen, the control variables u f and u r are added to the driver's front and rear braking (T b,f and T b,r ) and traction (T • t ) requests. Further, to control the longitudinal acceleration, an appropriate set-point value a • x must be selected. In order to comply with the driver's intention, this set point has been scheduled on the basis of the driver's braking and traction request as a
(1) To identify the values of the parameters α, β, γ and δ, several simulation tests have been carried out to evaluate the motorcycle acceleration due to a variation of the front and rear wheel torques. Finally, the parameters have been estimated solving a linear least squares fitting problem. Coherently with the considerations outlined in Section 2, the identified values of α and β are equal. Moreover, the term δ is negative, accounting for the longitudinal forces due to aerodynamics and friction.
Design of a Single-Input-Multi-Output controller with time-varying saturation
The controller presented in our previous contribution De Filippi et al. (2010a) , which will be referred to as full-authority controller, modulates the front braking torque and the rear traction/braking torque to control the roll rate of the motorcycle. The plant can be represented as a Multi-Input-Single-Output system and two controllers are designed proceeding with a sequential design approach. At first, the front wheel controller has been designed with classical loop shaping resulting in a 5th order controller with a bandwidth of 2.5 Hz. Then, the rear wheel controller has been designed on the resulting closed loop system G Trφ (s)S T fφ (s), where G Trφ (s) is the transfer function from real wheel torque to roll rate and S T fφ (s) the sensitivity function of the front wheel control loop. The rear wheel has been also designed via loop shaping techniques yielding a closed loop bandwidth of 1.5 Hz. The controller, however, did not consider the longitudinal acceleration of the vehicle imposed by the driver. Now, in order to comply with the driver's acceleration and braking commands, a time-varying saturation block scheduled on the desired longitudinal acceleration a • x has been designed. A low pass filter is needed to decouple the roll rate control loop from the acceleration-based saturations. In Figure 4 a schematic view of this control systems is shown. In the following, this control architecture will be referred as full-authority controller with time-varying saturations. The saturation block intervenes only if the absolute value of motorcycle longitudinal acceleration exceeds the set-point value. This means that the traction torque is saturated when the current acceleration is larger than the set-point, while the braking torque is saturated when the current deceleration is larger than the set-point. When needed, only the rear wheel torque is saturated. In doing so, the control authority of the front wheel torque is left unaltered in order to efficiently restore the vehicle stability and cause most of the loss of performance due to the saturation to have effect on the regulation of the vehicle acceleration.
ACTIVE STABILITY CONTROL VALIDATION
The current section is devoted to the validation of the proposed designs. The scenarios are designed to excite the bike form the three main sources of perturbation: wheel torque, steering torque, road unevenness. The three conditions are: (1) front and rear wheel torque step disturbance while cornering, (2) front and rear wheel torque step disturbance and a double step variation of road profile while cornering (leaning kick-back), (3) step disturbances on front wheel, rear wheel and an impulse-like disturbance of the steering torque and a double step variation of road profile on straight-running (kick-back). The first two simulations are performed at an initial constant velocity of 130 km/h and 30
• of roll angle on a counter-clockwise steering pad (so that a positive roll angle rate indicates that the motorcycle is leaning out of the turn). The last test has been carried out at an initial constant velocity of 130 km/h on straight-running.
To quantitatively compare the results the following cost functions are introduced.
Equation (2) and (3) respectively evaluate the RMSE of the roll rate and the RMSE of the acceleration tracking error. In Equation (3), a 0 x is the deceleration obtained in the open loop case. An additional cost function is added to quantify the "stability" as perceived by the rider,
Equation (4) evaluates the RMSE of the steer rate.
Front wheel braking torque disturbance
The first test simulates a rider braking during high speed cornering. This is a critical situation because, as the longitudinal tire force is increased, the lateral force is decreased yielding less grip and maneuverability capabilities. Figure 5 depicts the roll rate and longitudinal acceleration in the open loop case, the MIMO controller, the full-authority and full-authority with time varying saturations controllers. A front braking torque disturbance of -100 Nm with a sudden closing of the throttle is simulated. By inspecting Figure 5 , the following considerations can be drawn:
-as soon as the torque disturbances are applied the roll rate increases and the motorcycle tends to steer out of the corner. This is due to the velocity decrease caused by the braking maneuver. -In the open loop case the driver takes more than 1 second to stabilize the vehicle around the new roll angle and considerable weave oscillations are observed. -The active stability controllers improve the responses both in terms of settling time and amplitude of weave oscillations. Considering only the roll rate, the full-authority controller outperforms the MIMO controller during the whole response, while it performs as the full-authority with time varying saturations for the first 100ms. This is due to the fact that after 100ms, the saturations intervene to control the longitudinal acceleration of the motorcycle. -The full-authority controller does not comply with the driver's intention: the longitudinal acceleration is positive while the driver is braking. The deceleration achieved by the full-authority and MIMO controllers are very close to the one obtained in open-loop. Figure 6 shows the time histories of the front and rear braking torque during such maneuver. These responses confirm the analysis carried out in Section 2: the full-authority controller requires a 87 Nm variation of the front torque and a 115 Nm variation of the rear one and thus the motorcycle accelerates. The MIMO controller releases the front brake and increases the rear braking torque with an overall variation of 100 Nm; the front wheel torque saturates after 500ms and weave oscillations can be seen on the rear wheel torque. Finally, the wheel torques exerted by the full-authority with time varying saturation are similar to the one exerted by the full-authority controller for the first 100ms, then both the front and rear wheel torques saturate to follow the acceleration set-point. Also in this case, at the end of the response the overall torque variation is equal to 100 Nm.
In conclusion, the full-authority controller makes the best use of the available actuation to control the roll rate, but the driver's intention are not complied with. The MIMO and the fullauthority with time varying saturations controllers guarantee good performance both for the roll rate and the longitudinal acceleration of the motorcycle.
To better appreciate the performance of the active stability controller, in Figure 7 the values of the cost functions (2) ment between the 40% and 60% with respect to the open-loop is achieved. As expected, the value of the cost function (3) for the full-authority controller is unacceptable and thus this strategy cannot be implemented on a real motorcycle. The fullauthority controller with time varying saturations guarantees a good tracking of the acceleration. We can conclude that this control strategy does not compromise the natural feeling of the motorcycle in terms of longitudinal acceleration. Finally, cost function (4) is evaluated. Figure 8 depicts the steer rate for different control strategies as a response to a 100 Nm front braking torque and the values of the cost function. By inspecting the time histories of the steer rate, both the weave and wobble resonances can be noted. The control strategies increase the oscillations of the steering handle around its axis. However, for a rider the most disrupting oscillations in term of stability are those acting in the driver's bandwidth (0 -4 Hz).
If the low-pass filtered signals are considered, then the control strategies do not affect the sense of stability in a negative manner.
Leaning kickback test
In the following simulations, a more challenging condition is considered: a step disturbances of both the front and rear wheel torques and a double step of the height of the road position. To simulate this condition, the motorcycle is driven at a given initial constant speed of 130 km/h and 30
• of roll angle and it passes over a bump of height 50 mm and length 50cm. Finally, the sensitivity to the front braking torque has been investigated. These tests asses the performance of the active control strategies in the face of disturbances coming from an input on which the controller does not directly act upon. Figure 9 plots the results of the above maneuver comparing the roll rates and the longitudinal accelerations. In particular, a -200 Nm front braking torque disturbance has been applied 200ms before the bump. The figure clearly shows that the proposed control systems can stabilize the bike better than the driver. Moreover, the following remarks can be made.
-The full-authority controller better damps the high frequency oscillation of the roll rate; however weave oscillations can be noted at the end of the response and the motorcycle does not comply with the driver intention. -The MIMO controller yields the worst attenuation of the high frequency roll rate oscillation and the best damping of the low frequency one. -The saturated full-authority controller guarantees good damping of both high and low frequencies. -The longitudinal acceleration set point is well tracked by the MIMO and the saturated controllers. Figure 10 quantitatively confirms that the control systems can cope with road disturbances and that the order relation discussed for the previous validation test is still valid: namely, the full-authority controller with time varying saturations guarantees a reduction of at least 40% of the cost function (2) and at the same time follows the acceleration set point.
Straight running kickback test
All the above validation tests have been carried out in the conditions in which the controller has been tuned (v = 130 km/h and ϕ = 30 • ). In the remainder of the section, the controllers will be validated in a different condition, namely straight running. This is a very critical condition as on perfect straight running the longitudinal (braking and traction) and out-of-plane (roll) dynamics are decoupled. To evaluate the performance of the active control strategies, the kick-back test has been carried out: also in this case, the motorcycle passes over a bump while braking. The bump unloads the front wheel that lifts up from the road surface. Moreover, the driver reacts automatically with an input steering torque that brings the front wheel plane out of the driving direction of the bike. Figure 11 plots roll rate and longitudinal acceleration when a -300 Nm of front braking and 1 Nm of steering torque disturbances are applied. As can be seen, the responses of the roll rate in open and closed loop are similar: namely, with the fullauthority controller an improvement of the 5% is noted. Moreover, the longitudinal acceleration obtained with the MIMO and the saturated controllers is close to the one measured in open loop. Also in this case, the full-authority controller better damps the roll rate oscillation but does not comply with the driver intention. The same results have been obtained considering different values of front wheel braking torque. The previous considerations confirm that the control systems can cope with road disturbances and also with actuation limits due to the straight running condition.
CONCLUSIONS AND FUTURE WORKS
In this paper, different active control strategies have been proposed to increase the stability of two-wheeled vehicles and to comply with the driver's intentions during braking maneuvers. Namely, two different control architectures that first act to recover stability and then to ensure that the longitudinal acceleration requested by the driver is followed have been presented. Simulation tests performed on a multi-body motorcycle simulator show that the proposed control strategies can cope with disturbances that are both of the same nature of the control action and also external disturbances, such as road disturbances. Current research is being focused on the design of an activation and deactivation logic to ensures that the stability control system intervenes only in the face of dangerous situations. Moreover, the sensitivity to the actuators' bandwidth has to be investigated. Finally, a robustness analysis of the proposed control strategies has to be performed.
